Aim To evaluate the bacterial reduction achieved by WaveOne Gold (Dentsply Sirona Endodontics, Ballaigues, Switzerland), Hyflex EDM (Coltene-Whaledent, Altst€ atten, Switzerland), and XP-endo Shaper (FKG Dentaire SA, La Chaux-de-Fonds, Switzerland) in canals infected with Enterococcus faecalis. The null hypothesis (H 0 ) was that there would be no difference amongst the NiTi systems in reducing the root canal bacterial load. Methodology Seventy-four mandibular premolar teeth with straight and round root canals were selected. Sixty-two root canals were contaminated with E. faecalis for 4 weeks and subjected to mechanical preparation with one of three single-file NiTi rotary systems (WaveOne Gold, Hyflex EDM, and XP Endo Shaper). Twelve non-contaminated root canals were used as negative controls. Bacterial samples were collected with sterile paper points (Dentsply Sirona Endodontics) before and after rotary instrumentation to quantify the bacterial load. Five roots from each instrumentation group were evaluated topographically from the coronal, middle and apical thirds by SEM. The bacterial reduction was calculated and analysed statistically by the Kruskal-Wallis and Dunn post hoc tests, all at 5% significance. Results The samples taken before instrumentation showed approximately 9.64 log CFU bacterial load. Instrumentation with the Hyflex EDM and XP-endo Shaper resulted in significantly greater bacterial reduction than those with WaveOne Gold (P = 0.00). All specimens had bacterial growth. SEM images supported the CFU/mL data. Thick and dense debris was observed in WaveOne Gold samples. Instrumentation resulted in the disruption of the biofilm-like structure, and both areas of clean and open dentinal tubules and areas with thick debris were observed in Hyflex EDM and XP-endo Shaper samples. Conclusions Instrumentation in straight and round canals of premolar teeth with the Hyflex EDM and XP-endo Shaper resulted in significantly greater bacterial reduction than WaveOne Gold. No instrumentation system rendered root canals completely free from bacteria.
Introduction
The preparation of root canals with a single instrument provides both cost and time savings compared to rotary systems with multiple instruments. Although the flexibility, cyclic fatigue resistance and cutting efficiency of endodontic files are often investigated, the ability to remove microorganisms from root canals is most often not considered. As it is important to remove as many microorganisms as possible from root canals, the mechanical ability of these instruments to remove bacteria should be evaluated.
WaveOne Gold (WOG; Dentsply Sirona Endodontics, Ballaigues, Switzerland), Hyflex EDM (Coltene-Whaledent, Altst€ atten, Switzerland) and XP-endo Shaper (FKG Dentaire SA, La Chaux-de-Fonds, Switzerland) are single-file systems. Gold-Wire is a thermal treatment in which the instrument is repeatedly heat treated and cooled, thus giving the file a gold colour (Cassimiro et al. 2017) . WaveOne Gold uses the same reciprocating kinematics ('WaveOne ALL') as WaveOne, it has an off-centre parallelogram crosssectional design with two cutting edges ( € Ozy€ urek et al. 2017) .
Hyflex EDM is manufactured using CM-wire cut by an electrical discharge machining (EDM) process that results in superior fracture resistance and improved cutting efficiency (Payal et al. 2008 , Pirani et al. 2016 . The apical diameter is 0.25 mm, and its taper changes along the file shaft. Hyflex EDM has quadratic, trapezoidal and almost triangular cross sections in the apical, middle and coronal third, respectively (Coltene 2016) .
Recently, a snake-shaped instrument, the XP-endo Shaper, was introduced that is made from a special alloy (MaxWire [Martensite-Austenite electropolishfleX]). It is in M phase and has an initial taper of .01, but when exposed to body temperature the XP-endo Shaper expands inside the canal to achieve a taper of at least .04 (FKG Dentaire 2018). The manufacturer states that the XP-endo Shaper has a unique geometry, having six cutting edges at the tip (Booster Tip) (FKG Dentaire 2018) . It is claimed that the Booster Tip respects the trajectory of the canal whilst removing more material with each pass, thus enabling the instrument to start shaping after a glide path of at least size 15 and can gradually increase its working field to achieve size 30 (FKG Dentaire 2018).
These three single-file systems have different movement patterns, designs, alloys, speeds and torque characteristics. Research on these single-file systems has reported their favourable performance with respect to shaping ability (Lacerda et al. 2017 , € Ozy€ urek et al. 2017 , Venino et al. 2017 and cyclic fatigue resistance , Silva et al. 2018 , Yılmaz et al. 2018 . No study has compared the efficacy of these single-file systems on the reduction in bacterial load from root canals. Thus, the purpose of this study was to evaluate the bacterial reduction achieved by the WaveOne Gold, Hyflex EDM, and XP-endo Shaper in canals infected with Enterococcus faecalis. The null hypothesis (H 0 ) was that there would be no difference amongst the tested NiTi files in reducing root canal bacterial load.
Materials and methods
The study protocol was approved by the Ethics Committee of the Suleyman Demirel University, Isparta, Turkey (no: 74820/21). Extracted human mandibular premolar teeth (n = 74) with straight and round root canals were selected through random sampling from teeth having similar morphology and dimensions. Preoperative radiographs were taken in a mesio-distal and bucco-lingual directions, and the teeth having root canals with similar mesiodistal and buccolingual diameter ratio were selected (round canals) (Wu et al. 2000 , Jou et al. 2004 . Teeth with root caries, fractures, multiple canals, calcifications, oval root canals or curvatures were excluded. None of the teeth had received prior root canal treatment.
The tooth length was standardized to 14 mm by removing the crown with an Isomet 5000 saw (Buehler, Lake Bluff, IL, USA). Each root canal was explored to confirm its patency using a size 10 stainless steel K-file (Dentsply Sirona Endodontics). The position of the apical foramen was determined by means of a stereomicroscope at 409 magnification (Leica S4E, Leica microsystems GmbH, Wetzlar, Germany). The working length was established 1 mm short of the foramen. Then, each root canal was gauged for the first file to bind at the WL using a stainless steel K-file (Dentsply Sirona Endodontics), and only narrow canals with an initial apical diameter no larger than a size 15 were included. Each canal was irrigated with 5% sodium hypochlorite (NaOCl) that was delivered via a 30-gauge side-vented irrigation needle (Ultradent, South Jordan, UT, USA). The teeth were stored in 10% sodium thiosulphate (Na 2 S 2 O 3 ) for 4 h and sterile saline for 20 h to neutralize the residual effect of NaOCl. The apical foramina of each root were then sealed with nail varnish.
Each root was individually placed in a 1.5-mL Eppendorf tube with sterile brain heart infusion broth (BHI) (Merck KGaA, Darmstadt, German) and sterilized in an autoclave at 121°C and 15 psi, for 15 min. After sterilization, the teeth were kept at 37°C in an incubator for 48 h to ensure that there was no bacterial contamination.
Roots were divided into three experimental groups using a block randomization method based on the instrument (n = 20) (WaveOne Gold, Hyflex EDM, and XP-endo Shaper) used for root canal preparation and a negative control group (n = 12) that received the medium only without inoculate.
Contamination of the roots with Enterococcus faecalis
The negative control samples were filled with sterile BHI broth. Sixty-two roots were infected using a 24-h pure culture suspension of E. faecalis cultivated in BHI. A 1 McFarland suspension was prepared in BHI broth and then diluted 30-fold to obtain an initial bacterial suspension of 1 9 10 7 colony-forming units (CFU) per millilitre. Each root canal was completely filled with 10 lL E. faecalis suspension using sterile micropipettes; sterile size15 hand files were used to transfer the bacterial suspension to the entire root canal length. Roots were incubated at 35 AE 2°C and 95% humidity for 4 weeks, during which the BHI was removed and replenished every 48 h under laminar flow. The growth of E. faecalis was confirmed by the medium's turbidity during the incubation period, and the purity of the cultures was checked by Gram staining and colony morphology on Columbia Agar with 5% Sheep Blood (CA-SB) (Becton Dickinson GmbH, Heidelberg, Germany). Two roots were fixed in 10% buffered formalin, longitudinally split-fractured and processed for scanning electron microscopy (SEM) to confirm bacterial colonization.
Bacteria sampling from the root canals was performed before (S1) and after (S2) rotary instrumentation. Before rotary instrumentation, the root canal was rinsed with 1 mL sterile 0.85% saline solution to remove unattached cells, and two sterile size 15 paper points (Dentsply Sirona Endodontics) were used sequentially at the working length (WL) for 1 min to soak up the canal contents.
Instrumentation of the root canals
Mechanical preparation of canals was performed with three different single-file NiTi rotary systems (WaveOne Gold, Hyflex EDM and XP-endo Shaper) according to the manufacturers' instructions for each system by an operator who had been previously trained in each system. WOG Primary files (size 25, .07 taper) were used in a preset reciprocating programme 'WaveOne ALL' with gentle apical pressure and brushing motion according to the manufacturer's instructions (Dentsply Sirona 2017).
HEDM One File (25/~) were used in continuous rotation at 500 rpm and 2.5 Ncm in accordance with the manufacturer's instructions (Coltene 2016) .
XP-endo Shaper was activated in the rotate mode at 800 rpm and 1.0 Ncm. It was applied with long and light up-and-down movements in the root canals and once it reached the WL, five more up-and-down movements were applied over the entire WL (FKG Dentaire (2018) .
All instruments were activated using a 6:1 reduction ratio contra-angle handpiece (X-SMART Plus, Dentsply Sirona Endodontics) powered by a torque-controlled motor (X-SMART Plus, Dentsply Sirona Endodontics). For all instruments, if resistance was felt that would have required more apical pressure, the instrument was removed and the flutes were cleaned; a new file was used to shape each canal.
The root canals were irrigated during and after completion of instrumentation with 5 mL sterile 0.85% saline solution delivered using a 30-G NaviTip needle (Ultradent) placed 1 mm from the working length. A total volume of 10 mL of sterile saline per canal were standardized. The root canals that were prepared with the XP-endo Shaper were irrigated with pre-heated solution (37 AE 1°C).
Four non-contaminated root canals were instrumented for each preparation technique and used as negative controls.
After rotary instrumentation a second bacterial sample from the canal was taken (S2) with size 25 paper points (Dentsply Sirona Endodontics), as described previously.
Quantification of the bacterial load
The paper points were transferred to the tubes containing 1 mL of 0.85% saline solution and vortexed for 1 min. After 10-fold serial dilutions in sterile saline, 0.1 mL aliquots of each diluted sample were plated onto CA-SB agar plates and incubated at 35 AE 2°C for 24 h. The cultivated colony-forming units (CFUs) were counted and then transformed into actual counts based on the previously determined dilution factors.
Scanning electron microscopy (SEM)
Five roots from each instrumentation techniques were fixed in 10% buffered formalin for 1 week after bacterial sampling. They were split-fractured longitudinally and dehydrated by immersion in ethanol solutions (70%, 95% and 100%). All the canal walls of the prepared specimens were evaluated topographically from the coronal, middle and apical thirds by a scanning electron microscope (Quanta 250 FEG; FEI Ltd., Brno, Czech Republic) at 50009, 10 0009 and 20 0009 magnifications. Each specimen was imaged at random locations along the root canal lumen.
Statistical analysis
The data were submitted to base-10 logarithmic transformation and analysed statistically by the Kruskal-Wallis and Dunn post hoc tests to compare the effectiveness of the instrument systems to reduce the bacterial load (P = 0.05).
Results
No bacterial growth was observed in the negative controls. The samples taken before instrumentation (S0) had approximately 9.64 log CFU bacterial load. Table 1 displays the mean, median and range differences between the bacteriological samples taken Different letters indicate significant differences (P < 0.05). before and after instrumentation. Instrumentation with the Hyflex EDM and XP-endo Shaper resulted in significantly greater bacterial reduction than those with WaveOne Gold (P = 0.00). The samples taken after instrumentation (S2) with WaveOne Gold had a < 1 log reduction in the initial bacterial load. Although the bacterial counts were reduced after instrumentation, all specimens had bacterial growth. SEM images revealed that E. faecalis had colonized the root canal walls, forming biofilm-like structures (Fig. 1) ; an extracellular polymeric matrix with bacterial colonies covered the entire dentine surface. SEM images supported the CFU/mL data. Instrumentation resulted in the disruption of the biofilm-like structure and a patchy appearance was observed, particularly in HyFlex EDM samples. Thick and dense debris was observed in the samples after using WaveOne Gold. In these samples, all the dentinal tubules were plugged with debris (Fig. 2) . Debris reductions were observed and fewer biofilm-like structures existed in the superficial dentine layers for the Hyflex EDM (Fig. 3) and XP-endo Shaper samples (Fig. 4) , particularly in the coronal and middle thirds. Both areas of clean and open dentinal tubules and areas with thick debris were observed. However, bacteria still existed in the deep dentine layers in the samples instrumented with the XP-endo Shaper. In the XP-endo Shaper samples, dentinal tubules were plugged with thick debris in the apical third (Fig. 4) .
Discussion
The success of root canal treatment is directly related to the removal of bacteria and their products (Neves et al. 2016) . As periapical disease is of bacterial origin, their removal should be considered in addition to the practicality and simplification of new endodontic instruments. There is much interest in single-file NiTi instruments (Lacerda et al. 2017 , Pedull a et al. 2017 , B€ urklein et al. 2018 to prepare the entire root canal Figure 2 Instrumentation with WaveOne Gold. The thick and dense debris was remarkable and all the dentinal tubules were plugged with debris, a) 5000 (b) 10 000 (c) 20 000 magnifications.
because it may shorten the learning period of practitioners to a new technique and may be cost-effective.
Although the present study did not allow biofilm removal to be assessed, the methodology is frequently used in bacterial reduction studies and can reflect the bacterial reduction efficacy of endodontic instruments (Peters et al. 2001a , Paranjpe et al. 2012 , Machado et al. 2013 . The most important limitation of this technique is its inability to detect small amounts of viable bacteria that cannot be cultured. However, this study focused on a known bacterium, E. faecalis, and as stated by Ma et al. (2011) 'For a valid demonstration of differences, at least one logarithmic step decrease in CFUs is necessary' the results of the present study confirmed that a sufficient amount of bacteria can be detected using this method. Nevertheless, inaccessible areas within the complex anatomic regions of the root canal system cannot be evaluated by microbiological sampling. An alternative method is the direct observation of intraradicular biofilm-like structures at a high magnification. (Lin et al. 2013 ).
In the present study, five root canals for each file system were assessed topographically after instrumentation and bacterial sampling through multiple observations undertaken from all regions of the possible sampling areas. SEM micrographs supported the results of the microbial findings that no technique achieved bacteria-free canals.
With the advent of NiTi rotary systems, much interest has been given to overcoming the challenges in the preparation of complex anatomic root canals. However, research studies have displayed that there is no difference in the effectiveness of bacterial removal between hand and rotary files (Siqueira et al. 1998 , 1999 , Lin et al. 2013 . Besides, there was no significant difference between bacterial reduction values using single-file systems and manual techniques (Machado et al. 2013 , Nabeshima et al. 2014 , reciprocating single or continuously rotating multi-file systems (Neves et al. 2016) .
The results of this study revealed that there was a difference in bacterial removal ability between the selected reciprocating and continuous rotation singlefile systems and the null hypothesis was therefore rejected.
Hyflex EDM and XP-endo Shaper files were equally effective at bacterial removal in the canal yet are unable to achieve complete elimination. They were both capable of achieving greater bacteria removal than the WaveOne Gold in the current study. The manufacturers claimed that the XP-endo Shaper was designed to overcome the shortcomings of traditional rotary files by having the capability to perform 3D canal shaping (FKG Dentaire 2018) . Although the XP-endo Shaper was associated with more unprepared canal walls than the iRaCe system (FKG Dentaire SA) (Versiani et al. 2018 ) and SAF, it had comparable cleaning ability in a micro-computed tomographic and histologic study (Lacerda et al. 2017) . Its ability to remove pulp remnants is attributed to its frequent expansion and contraction in the canal (Lacerda et al. 2017) . In the present study, root canals instrumented with the XP-endo Shaper demonstrated a few areas free of debris and clean dentinal tubules on SEM micrographs. Fifty per cent of the oval distal mandibular molar canals instrumented with the XP-endo Shaper were cleaned from tissue remnants, as shown in histological sections (Lacerda et al. 2017 ). This finding is consistent with the bacterial reduction rate of the XP-endo Shaper (86.74) in mandibular premolars in the current study. Despite the manufacturers' arguments about its extreme flexibility, capacity to contract and expand, and 3D shaping of the root canal (FKG Dentaire 2018), it was unable to reduce the bacterial load more than Hyflex EDM instruments.
It is clear that the larger the apical preparations, the more bacteria that could be eliminated. As the apical canal is enlarged, the instrument touches more root canal wall and removed anatomical irregularities, the adherent biofilm layer on the dentine wall and infected dentine (Card et al. 2002 , Rollison et al. 2002 , Rodrigues et al. 2017 . The XP-endo Shaper has the ability to start shaping a root canal at size 15 and to reach size 30, and increase the taper from .01 to .04. Although its minimum final preparation size is greater than the Hyflex EDM (size 25), they had similar performance in terms of reducing the microbial load in root canals. Furthermore, instruments with different tapers and diameters were not associated with significant differences in bacterial reduction results (Siqueira et al. 1999 , Matos Neto et al. 2012 , Machado et al. 2013 .
Mandibular premolars with similar anatomy and no curvatures were used to overcome the morphological variations in teeth (Siqueira et al. 1999 , Basmaci et al. 2013 , Nakamura et al. 2013 . The limited shaping ability of the single-file systems in wider canals could compromise disinfection; thus, premolars with an apical diameter no larger than a size15 K-file were selected. It is known that the performance of NiTi rotary instruments depends on the geometry of the root canal and in long oval canals more than 60% of the canal surfaces remain untouched (Peters et al. 2001b , Paqu e et al. 2009 . As the present study simply reports on the ability of rotary instrumentation to eliminate bacterial load in the main canal, no conclusion can be made concerning the disinfection of the entire root canal system. Thus, only the canal wall surfaces in the main canals were sampled. Because antimicrobial irrigants are essential for root canal debridement, this factor has to be removed to enable the effect of rotary instruments on alteration of intracanal bacterial load to be evaluated. Furthermore, a pure culture of one bacteria species grown under optimal nutrient supply with no influence from competitors was used. In the clinical setting, a mixed bacterial flora is usually present. Thus, the present data in terms of clinical setting should be interpreted with caution.
The bacterial reduction found for the single-file systems was 58.6% for WaveOne Gold, 89.2% for Hyflex EDM, and 86.74% for the XP-endo Shaper. These results were expected because the instruments reached the WL rapidly in most samples, even though five more movements were applied. These results were inconsistent with previous studies that showed greater than 95% reductions were achieved by mechanical action (Machado et al. 2013 , Nakamura et al. 2013 , Ferrer-Luque et al. 2014 , Nabeshima et al. 2014 . These differences across studies depend on variations in methodological models such as tooth type, sample collection method (scrapping or paper point), instrumentation duration, irrigation amount and method.
Conclusion
Instrumentation in straight and round canals of premolar teeth with the Hyflex EDM and XP-endo shaper resulted in significantly greater bacterial reduction than WaveOne Gold. No instrumentation system rendered root canals completely free from bacteria.
